Translational stop mutations of the human 3-globin gene cause a reduction of cytoplasmic mRNA accumulation in thalassemia patients and in transfection models. The exact mechanism underlying this phenomenon has remalned enigmatic but is known to be post-transcriptional. (10, 11, (13) (14) (15). It appeared therefore that the reduction of nonsense mutated ,B-globin mRNA was due to an as yet undefined nuclear or transport mechanism. We addressed this question in more detail by using a HeLa-cell transfection assay and recombinant human 3-globin genes driven by its endogeneous or viral promoters. The data presented in this manuscript lead to the surprising conclusion that RNA polymerase II promoters can determine the post-transcriptional fate of the maturing nonsense mutated mRNA; i.e., the
tations do not affect sequences known to be important for transcription or RNA processing, one would expect to find normal cytoplasmic mRNA levels with a lack of protein due to prematurely terminated translation. Surprisingly, however, mRNA levels are reduced to about 20% ofnormal in the erythroid precursors of such patients and in transfected cell lines (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In addition to 13-globin, this reduction of nonsense mutated mRNA levels was observed in a number of other genes (ref. 12 and references therein) but in all cases the mechanism for this phenomenon remained unknown. In addition to -globin, triosephosphate isomerase and dihydrofolate reductase gene mutations have been characterized in detail. In each of these examples, cytoplasmic stability and the transcriptional rate of nonsense mutated mRNA have been found to be similar when compared to the wild type (10, 11, (13) (14) (15) . It appeared therefore that the reduction of nonsense mutated ,B-globin mRNA was due to an as yet undefined nuclear or transport mechanism. We addressed this question in more detail by using a HeLa-cell transfection assay and recombinant human 3-globin genes driven by its endogeneous or viral promoters. The data presented in this manuscript lead to the surprising conclusion that RNA polymerase II promoters can determine the post-transcriptional fate of the maturing nonsense mutated mRNA; i.e., the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. metabolism of the mRNA can be influenced by sequences that are not actually part of it. region with primers derived from previously published sequences (18). We have also used derivatives of these constructs with deletions of the enhancer sequences contained within a Nco I fragment for transfection experiments (data not shown). DNA sequencing of the entire promoter and transcribed region showed that all constructs were identical except for the desired translational stop mutations or for the different promoters.
MATERIALS AND METHODS
Transfection. Subconfluent HeLa cells were cotransfected by calcium phosphate precipitation (19) with supercoiled plasmid DNA containing constructs 1-10 (each at 50 ug) ( Table 1 ) and an internal control plasmid containing the Escherichia coli chloramphenicol acetyltransferase (CAT) gene expressed from a simian virus 40 enhancer (SV2CAT). The cells were washed after 16 h and harvested 24 h later.
RNA Isolation. Total RNA was isolated by guanidinium lysis and centrifugation through a CsCl cushion (20).
Nuclear and cytoplasmic fractions were separated by standard protocols using TSM buffer with 0.2% Nonidet P-40 (21). The quality of the preparation was confirmed in ethidium bromide-stained agarose gels by the absence ofprecursor rRNA fragments in the cytoplasmic fraction.
RNA Analysis. Northern blot analysis was performed with 1 ug of total, cytoplasmic, or nuclear RNA by standard protocols (20) .
RESULTS AND DISCUSSION
HeLa cells were transfected with plasmids containing the wild-type or mutated 3globin genes with the natural promoter (constructs 1-4, Table 1 ) and pSV2CAT to control for transfection efficiency. The level of 3-globin mRNAs harboring the codon-6 AA frameshift (FS6) or the codon-39 C --T nonsense (NS39) mutation was clearly reduced (Fig. 1 , compare lane 1 with lanes 2 and 3). This reduction was specific as indicated by the constant expression of CAT mRNA ( Fig. 1 Lower), confirming previous observations that the diminished accumulation of nonsense mutated mRNA is not erythroid-celi-specific (9, 10) . In contrast to mutations leading to translational termination signals in exons 1 (FS6) or 2 (NS39), RNA with a frameshift mutation in exon 3 (FS121) accumulates to roughly normal levels ( Fig. 1 , compare lanes 2 and 3 with lane 4). The reduction of mRNA accumulation by premature termination codons and its positional effect with regard to the exon-intron structure of the mutated gene have also been described in other cases and Table 1 ). (Upper) Hybridized with a l3-globin. (Lower) Hybridized with a CAT probe as an internal control for transfection efficiency. The position of the mRNA signals is indicated. FS6 and NS39 mutated RNA accumulated to a level of 25-42% (n = 2) and 13-29% (n = 3), respectively, when corrected for transfection efficiency and compared to the wild-type RNA. The top band detected with the ,-globin probe was from the plasmid vector (data not shown). Lanes: WT, construct 1 with the wild-type sequence; FS6, construct 2 with the codon-6 AA frameshift mutation; NS39, construct 3 with the codon-39 C -* T nonsense mutation; FS121, construct 4 with the codon-121 +AATT frameshift mutation. All constructs expressed wild-type human /-globin mRNA (including the 3-globin 5' UTR) from the human ,B-globin promoter and simian virus 40 enhancer.
shown to be caused by a post-transcriptional mechanism (11, 14, 15, (22) (23) (24) . The nature of the post-transcriptional mechanism is unknown, although the influence of the location of the mutation with regard to the position in the unspliced RNA and the most recently reported effects of nonsense mutations on exon splicing (25) suggest that the fate of these mRNAs is already determined within the nucleus.
When the 3-globin gene promoter and 5'-UTR of constructs 1 and 3 ( Fig. 2 ), the accumulation of flgobin mRNA expressed from constructs 7 and 8 resembled that of constructs 5 and 6 after transfection into HeLa cells; i.e., mRNA with the wild-type sequence or the NS39 mutation accumulated to comparable levels (Fig. 2) . The HSV-1 Tk promoter was also found to elevate expression of RNA containing the FS6 5 and 6 (lanes 5 and 6), 7 and 8 (lanes 7 and 8), or 9 and 10 (lanes 9 and 10) and pSV2CAT as a control for transfection efficiency (lanes 3-10). When corrected for transfection efficiency and compared to the wild type, the NS39 mutated RNA from the HSV-1 Tk promoter accumulated to levels of 92-140% (n = 3, construct 5 vs. 6) or 45-157% (n = 5, construct 7 vs. 8). In contrast, the NS39 mutated RNA from the CMV promoter accumulated to low levels (19-27%, n = 4), similar to those observed for the (-globin promoter. The exposure time for the 3-globin signal of lanes 1-8 was about 10 times longer than that for lanes 9 and 10, reflecting the high activity of the CMV IE promoter (see also mutation (data not shown). However, this construct was excluded from further analysis because it generated two transcripts, one of normal size and a longer variant probably with an upstream transcriptional start site. The size and the quantity of the FS121 mutated RNA remained unchanged relative to the wild-type RNA when the HSV-1 Tk promoter was introduced (data not shown). This indicated that the exchange of the ftglobin for the HSV-1 Tk promoter was without consequence when no difference between the mutated and the wild-type mRNA was observed before. We conclude that the cis-acting elements responsible for these differences reside within the promoter regions and that the post-transcriptional fate of the (-globin RNA is determined by sequences that are not actually part of it. The relative quantities of nuclear wild-type and NS39 mRNA accumulation reflected those seen in the cytoplasm (data not shown). This would suggest that the observed differences are already manifest within the nucleus. However, it is technically difficult to control reliably for contamination of the nuclear RNA fraction by cytoplasmic RNA.
The results described so far prompted us to replace the j-globin promoter with another viral promoter. In analogy to constructs 7 and 8, the CMV IE promoter/enhancer was joined to the ,B-globin cap site to generate constructs 9 and 10 (Table 1) . In transfected HeLa cells, the CMV promoter greatly increased the expression of /3globin RNA over the level observed with the HSV-1 Tk or the j-globin promoter. However, the quantitative differences between the wild-type and the NS39 mutated RNA mirrored those found with the 3globin promoter (Fig. 2 , compare lanes 3 and 4 to lanes 9 and 10). Similar results were obtained with constructs containing just the CMV IE promoter without the enhancer although mRNA accumulated to a lower level (data not shown). These data allow two conclusions. (i) The capacity ofthe HSV-1 Tk promoter to rescue the NS39 mutation is not a general characteristic of viral promoters.
(ii) NS39 rescue by the HSV-1 Tk promoter cannot simply be explained by an increase in mRNA production.
The data presented in Figs. 1 and 2 indicate that the fate of the mRNA is determined by the promoter-i.e., by sequences outside the actual transcript. The overall sizes ofthe transcripts were demonstrated to be identical to the resolution of Northern blot analysis, regardless of the promoter driving transcription. As shown in Fig. 3 , primer-extension analyses showed that the 3-globin-promoted constructs utilize exactly the same transcriptional start sites as the endog- known but are different from the situation seen here as the CMV IE promoter does not rescue NS39 expression.
Our data are consistent with the existence of an intranuclear proofreading mechanism that senses the disturbance of the correct open reading frame (25). In cases of mutated mRNAs, efficient export is blocked, which leads to an WT increased intranuclear RNA decay. One possible mechanism for the HSV-1 Tk promoter to bypass the export block is an accelerated export of ,B-globin mRNA along its normal pathway and a subsequent reduction of the time for the proofreading mechanism to exert its function. To test this kinetic model, we monitored the time course ofmRNA accumulation after cotransfection of the Tk-and ,B-globin-promoted wildtype constructs 1 and 5 (Fig. 4, lanes 3-7) or the respective NS39 constructs 3 and 6 (Fig. 4, lanes 8-12) . The Tk-and the f3globin-promoted transcripts can be distinguished in a primer-extension assay as the Tk 5'-UTR of constructs 5 and 6 is 5 nt longer than the ,B-globin 5'-UTR of constructs 1 and 3. In contrast to the predictions of the kinetic model, the data presented in Fig. 4 show that the mRNAs expressed from the f-globin or the Tk promoter accumulated in the cytoplasm with similar kinetics (compare the lower bands of constructs 1 and 3 with the upper bands of constructs 5 and 6) regardless of the presence or the absence of the NS39 mutation. Additionally, the reduction of f-globin-promoted NS39 mRNA accumulation and the respective rescue by the Tk promoter 5'-UTR are apparent at all time points (note the lower intensities of the 113-nt bands in lanes 8-12 when compared to lanes 3-7 and the similar intensities ofthe 118-nt bands). These results demonstrate that RNA processing is kinetically similar for both the Tk-and the j-globinpromoter-derived mRNAs. In the light of these results and the most recently described morphologic compartmentalization of the nucleus (29-31), a topographic model appears more likely. This entails different routes of gene expression that are utilized by the HSV-1 Tk and the ,-globin promoters. The experimental system described in this report should allow definition of the genetic elements and cellular factors involved. The definition of how RNA polymerase II promoters recognize or contribute to such a functional compartmentalization within the nucleus and of how the presence of premature translational terminators is already sensed within the nucleus requires further study. 3-7) or the nonsense mutated constructs 3 and 6 (NS39, lanes [8] [9] [10] [11] [12] . The 113-nt and the 118-nt bands represent the signals generated by the 3-globin mRNA with the endogeneous 5'-UTR (,B globin) or with the Tk 5'-UTR (Tk), respectively. The time points are indicated in hours at the top of the lanes. The DNA sequencing reaction products (lanes C, T, A, and G) were used as size markers. BM, human bone marrow RNA; Co, RNA from untransfected control cells.
